1. The effect of rabbit anti-(pigeon erythrocyte) antibodies plus human complement on the concentration of intracellular free Ca2+ in sealed pigeon erythrocyte 'ghosts' was investigated with the photoprotein obelin. 2. The addition of human serum, as a source of complement, to 'ghosts' coated with antibody caused a rapid increase in intracellular free Ca2+ after a lag of 20-40s, as detected by an increase in obelin luminescence. 3. The increase in obelin luminescence could not be explained by release of obelin into the medium. It was also Ca2+-dependent in that extracellular EGTA abolished the effect and intracellular EGTA inhibited it and required the complete terminal complex (C56789).
1. The effect of rabbit anti-(pigeon erythrocyte) antibodies plus human complement on the concentration of intracellular free Ca2+ in sealed pigeon erythrocyte 'ghosts' was investigated with the photoprotein obelin. 2. The addition of human serum, as a source of complement, to 'ghosts' coated with antibody caused a rapid increase in intracellular free Ca2+ after a lag of 20-40s, as detected by an increase in obelin luminescence. 3. The increase in obelin luminescence could not be explained by release of obelin into the medium. It was also Ca2+-dependent in that extracellular EGTA abolished the effect and intracellular EGTA inhibited it and required the complete terminal complex (C56789).
No effect was seen with C5678. 4. The concentration of intracellular free Ca2+ before addition of complement was approx. 0.3,UM. This increased to a maximum of 5-30pM after complement addition and then remained constant for at least 1-2 min. 5. Antibody plus complement induced a rapid increase in 42K+ efflux and an inhibition of cyclic AMP formation. 6. When partially purified complement components (C5b-9) were used in 'reactive lysis' it was possible to inhibit the release of macromolecules from pigeon erythrocyte 'ghosts' by extracellular EGTA. 7. It was concluded that the increase in intracellular free Ca2+ concentration caused by anti-cell antibody plus complement occurred before cell lysis and may be involved in the mechanism of complement-induced cell injury.
The existence of the complement proteins in serum and their ability to induce cell lysis in the presence of anti-cell antibodies has been known for many years (Osborn, 1935; Lachmann, 1975) .
Much work has concentrated on the complement components necessary to form a complex in the cell membrane (Lachmann et al., 1973; Michaels et al., 1976 , Dourmashkin, 1978 Sims & Lauf, 1978; Podack et al., 1979) that is thought to be the primary cause of the events leading to cell lysis. Relatively little attention, however, has been paid to changes in the intracellular concentration of ions and metabolites, and whether such changes may mediate some of the phenomena associated with immune damage to cells. In particular, apart from a study of antibody and complement on 45Ca uptake by L cells (Shearer et al., 1976) , the possibility that changes in intracellular free Ca2+ concentration Abbreviations used: spec. pure, spectroscopically pure;
Tes, 2-12-hydroxy-I, 1-bis(hydroxymethyl)ethyllamino Iethanesulphonic acid. might play an important role in this type of cell injury has not been investigated.
The concentration of free Ca2+ in most cells is thought to be of the order of 0.1,uM [see Ashley & Campbell (1979) for reviews and references]. In view of the large electrochemical gradient of Ca2+ across the plasma membrane a relatively small increase in its permeability to Ca2+ induced by a physiological stimulus (Rasmussen & Goodman, 1977) or during cell injury is likely to cause a large fractional change in intracellular free Ca2+ concentration that may effect many reactions within the cell. We have shown that a large increase in intracellular Ca2+ concentration is an early event after the reaction of complement with antibody bound to cells (Campbell et al., 1979a,b,c; Luzio et al., 1979) . Ca2+ have been defined. Attempts have also been made to examine the effect of the rise in intracellular Ca2+ on K+ flux, cyclic AMP formation and the lytic mechanism itself. Pigeon erythrocytes and sealed 'ghosts' were used in the experiments described since they contain an adenylate cyclase that can be activated by ,Badrenoreceptor agonists and inhibited by concentrations of Ca2+ in the range 1-10guM (Campbell & Siddle, 1976; 
Antisera
Antisera to pigeon erythrocytes were produced in rabbits by subcutaneous injection of pigeon erythrocytes as previously described (Campbell et al., 1979a) . The serum was stored frozen at -200C after heating it at 560C for 30min to inactivate complement (Lachmann, 1975) . Serum from noninjected rabbits was used as a souce of non-immune serum.
Complement
A pool of normal human serum stored at -700C was used as a source of complement. Human serum free of C9, which was non-lytic in the presence of anti-cell antibody, was prepared by incubation of 1 ml of human serum with 250,u1 of rabbit anti-(human C9) antibody (Behringwerk Ag, Marburg/ Lahn, West Germany) at 370C for 30min and centrifuging (12000g, 5min) to remove the precipitate. Lytic activity of this C9-deficient serum could be restored by addition of C9 in the form of a preparation of a mixture of C56 + C9.
Functionally pure complement-component fractions prepared as described by Lachmann & Hobart (1978) were a kind gift from Professor P. J.
Lachmann. The components used were preparations of the complex C56, C7, a C56 preparation containing C9 (C56 + C9) and a C7 preparation containing C8 (C78). All preparations were assayed for content of terminal complement components by using reactive lysis of guinea-pig erythrocytes (Lachmann & Hobart, 1978) . From these data it was possible to use different preparations, e.g. C3M and C56+C9, with the common components, i.e. C56, at the same effective concentrations. In all experiments with pigeon erythrocyte 'ghosts' the amounts of components used were sufficient to cause >75% release of [3H]inulin within 30min at 370C if the entire complement sequence (C56789) was present, and the 'ghosts' were incubated in medium A containing 1 mM-CaCI2.
Obelin
The Ca2+-activated photoprotein obelin was extracted and purified from the hydroid Obelia geniculata as previously described (Campbell & Dormer, 1975 , 1978 Campbell et al., 1979b) . Preparation ofsealedpigeon erythrocyte 'ghosts' Sealed pigeon erythrocyte 'ghosts' containing obelin were prepared as previously described . The 'ghosts' were resealed in 10 mM-Tes/6 mM-NaCl (spec. pure)/ 2 mM-MgSO4 (spec. pure)/2 mM-ATP (disodium salt)/10mM-phosphoenolpyruvate (potassium salt)/ rabbit muscle pyruvate kinase (approx. 20units/ml), adjusted to pH 7.4 with KOH, containing obelin (109-101O luminescence counts, see below), 0.1-1 mg of bovine serum albumin/ml, [3Hlinulin (approx. l,Ci/ml) and 150mM-KCI for 30-60min at 370C. The resealed 'ghosts' were centrifuged, washed and resuspended in medium A (10mM-Tes/140mm-NaCl/5 mM-KCI/2 mM-MgCl2) at pH 7.4.
Assay ofobelin
Obelin was assayed as previously described . To estimate the quantity of active obelin inside the 'ghosts' at any time during the experiment a solution of medium A + 1 mM-CaCl2 containing the 'ghosts' was placed in front of the photomultiplier tube and an equal volume of the same medium containing 1-3% (v/v) Triton X-100 (scintillation grade) added. The total luminescence counts over the first 10s after addition of Triton X-100 were measured. Normal grade Triton X-100 produced a low, but significant luminescence, dependent on obelin, that continued for many minutes. 42K+ releasefrom 'ghosts' 'Ghosts' were loaded with 42K+ by incubation of the whole suspension in 42KC1 (10-50uCi/ml) for 3-16 h at 40C. Just before the efflux experiment was conducted the 'ghosts' were centrifuged, washed in medium A and incubated with antibody plus complement at 370C under the same conditions as for the obelin measurements. At defined intervals the 'ghost' suspension was centrifuged in an Eppendorf micro-centrifuge for lOs and the 42K+ in the supernatant measured by Cerenkov counting. Results were expressed as 42K+ release (%) relative to time zero.
Assay ofcyclic AMP andA TP Samples were taken for assay of cyclic AMP (40,ul) , and measured by radioimmunoassay and for ATP (lO,ul) by firefly luciferase assay, as previously described (Campbell & Siddle, 1976) .
Results and discussion Effect of anti-(pigeon erythrocyte) antibody plus complement Anti-(pigeon erythrocyte) antibody plus complement induced a large increase in obelin luminescence from within pigeon erythrocyte 'ghosts' that began to occur 20-40 s after addition of the complement (20-501 of human serum) and reached a peak 20-50 s later ( rapid increase in luminescence was observed when antibody was used alone, when antibody plus heat-inactivated human serum was used as complement source (Fig. 1 , trace c) or when no antibody was added (Fig. 1, trace d) . However, it was found that a small increase in obelin luminescence could be detected when non-immune rabbit serum + 50-100p1 of human serum was used. The absence of any detectable increase in luminescence with antibody alone was in contrast to the increase in the uptake of '"Ca induced by antibody in L cells reported by Shearer et al. (1976) .
Preincubation of the 'ghosts' with anti-(pigeon erythrocyte antibody) for 1-30min resulted in the same luminescence response after addition of a source of complement. It was therefore concluded that maximum antibody binding occurred within 1 min. The time of onset (tl) and time to peak (t2) of the increase in obelin luminescence were markedly dependent on the concentration of human serum used, whereas they were little affected by antibody concentration over the range 5-50p1 in 1 ml.
Requirementfor C9
To investigate whether C9 was required to induce the increase in obelin luminescence a serum defi- Portions (50,ul: approx. 108 'ghosts') of sealed pigeon erythrocyte 'ghosts' were incubated in 0.5 ml of medium (50,ul) of sealed pigeon erythrocyte 'ghosts' were incubated in 0.5 ml of medium A + 1 mM-CaCl2 (see the Experimental section) containing l0#l of anti-(pigeon erythrocyte) serum for 5min at 37°C. The tube containing the 'ghosts', maintained at 37°C, was placed in front of the photomultiplier tube. A 0.5 ml portion of medium A + 1 mM-CaC12 containing 50,ul of human serum (trace a) or 50,ul of human serum deficient in C9 (trace b) was added (HS or HS -C9 t). The rate of obelin luminescence was plotted on a chart recorder. After 2 min in the case of trace (b), 0.5 ml of medium A + 1 mM-CaC12 containing 50,1 of C56 + C9 was added. At the end of the experiment Triton X-100 (0.7%, v/v) + CaC12 (13mM) was added (T t) to stimulate the remaining active obelin. In both cases >90% of the obelin had been utilized just before addition of Triton X-100. In the case of trace (b) only 15% of the obelin was utilized before addition of C56 + C9. required, since formation of C9-anti-C9 complexes might cause loss of other components as a result of activation. To do this a combination of functionally pure terminal components was used (see the Experimental section).
The components C5b-9, in the absence of anti-(pigeon erythrocyte) antibody, bind to the cell membrane and cause lysis, so-called 'reactive lysis' . To ensure that the functional activity of C56 was the same as that in the C56 + C9 preparation both reagents were titrated with normal human serum as a source of the other components by using the increase in obelin luminescence as an assay. The effective concentration of C56 in the C36 + C9 preparation was found to be nine times that of the C56 preparation. This was because the removal of C9 by gel filtration to produce C56 alone causes a dilution of the sample. With these preparations at the same final effective concentration of C56 it could be shown that there was no detectable effect of C56 + C78 on pigeon erythrocyte 'ghosts' (Fig. 3a) , whereas the effect with C56 + C9 + C78 (Fig. 3b) was very similar to that with anti-cell antibody plus human serum. No effect of additional C56 to C5678 was observed (Fig. 3d) . This absolute requirement for C9 is of interest as other workers have reported that C8 is the component mainly responsible for initiating damage of both biological and pure phospholipid membranes and that C9 acts by accelerating the lytic process (Stolfi, 1968; Tamura et al., 1972; Michaels et al., 1976) .
The requirement for C56 was demonstrated by the fact that addition of 'partially pure' C56 containing no detectable C9 to human serum increased obelin luminescence in the 'ghosts' in the absence of anti-(pigeon erythrocyte) antibody, and by the fact that (C36) + (C56 + C9) produced a larger effect than (C36 + C9) in the presence of C78 (data not shown). The requirement for C8 was shown by the fact that very little effect was observed with C + C9 + C7 (Fig. 3c) .
These results are therefore consistent with the increase in obelin luminescence induced in the 'ghosts' by complement being caused by formation of the complete terminal complex, namely C56789.
Requirementfor Ca2+
To show that the increase in obelin luminescence from the 'ghosts' was caused by an increase in free Ca2+ the effect of anti-(pigeon erythrocyte) antibody plus complement on 'ghosts' containing EGTA, a strong Ca2+ chelator, was investigated. EGTA inside the 'ghosts' both increased the time of onset and time to peak of luminescence, and reduced the height of the peak itself. However, it did not abolish the effect (data not shown). of Ca2+ required to stimulate intracellular obelin was from outside the cell, as demonstrated by the fact that extracellular EGTA abolished the effect of C5b-9 on obelin luminescence .
Estimation ofabsolutefree Ca2+ concentration
Like most luminescent reactions (Campbell & Simpson, 1979 ) the reaction of the prosthetic group of obelin is first-order with respect to the amount of chromophore (0,) at any time t as shown by Eqn. 1,
where Q = quantum yield of the reaction (see Campbell & Simpson, 1979) and kt = rate constant at time t (see Campbell et al., 1979a,b ,c for further analysis).
Eqn. 1 is valid at all times providing the reaction remains first-order. The rate constant (k,) for obelin luminescence is dependent on the fractional saturation by Ca2+ of the molecules of active obelin present (Fig. 4) .
In the present experiments >90% of the photoprotein was consumed in a few minutes after addition of anti-(pigeon erythrocyte) antibody plus complement to the 'ghosts'. To Fig. 5 . The rate constants thus obtained were converted into absolute free Ca2+ concentration by using the calibration curve in Fig. 4 . In this experiment (Fig. 5 ) the resting intracellular free Ca2+ concentration was estimated to be 0.3 uM and reached a maximum of 8.2gM (Fig.  5, trace a) and 4.7gM (Fig. 5, Effect of Ca2+ concentration on rate constant of obelin luminescence Obelin (106 luminescent counts) was added to 0.5 ml of Ca2+-free assay medium, prepared with deionized double-glass-distilled water (conductivity <0.3,u-1) containing 10mM-Tes/150mM-KCI (spec. pure)/ 30mM-NaCi (spec. pure)/2mM-MgSO4 (spec. pure)/ bovine serum albumin (0.1 mg/ml, pH 7.4) and held in front of the photomultiplier tube in the thermostatically controlled housing. CaCI2 (0.2puM-2mM), dissolved in assay medium, was added to the sample from a syringe (0.5ml of Ca2+-containing medium into the 0.5 ml of obelin-containing medium) to give a final Ca2+ concn. of 0.1pM-lmm. presence of complement was obtained from experiments with Triton X-100. The initial rate constant of obelin luminescence in medium A + Ca2+ (0.1 or 1 mM) + 1% (v/v) Triton X-100 was 2.8 s-, approx. 10 times that with anti-(pigeon erythrocyte) antibody plus complement (Figs. 1 and 5) . The analysis performed here, as with most biochemical experiments, does not take into account any gross heterogeneity in the 'ghost' population. We have attempted to construct a heterogeneous model based on the Poisson or normal distributions but have been unable to find one to explain the data reported here.
If the Ca2+ was penetrating the 'ghost' membranes through a membrane complex produced by complement one might expect the steady-state intracellular free Ca2+ concentration to increase as the extracellular Ca2+ concentration was increased. Measurement of steady-state intracellular Ca2+ concentration versus extracellular Ca2+ concentration (Fig. 6) showed that this was true up to 2mM-extracellular Ca2+. However, at higher concentrations the effect of complement activation on (50,ul: approx. 108 'ghosts') of sealed pigeon erythrocyte 'ghosts' were incubated in 0.5 ml of medium A (see the Experimental section) containing various Ca2+ concns. from 0 (1 mM-EGTA) to 10mM and lOp1 of C56+C9 for 5min at 370C. The tube containing the 'ghosts', maintained at 370C, was then placed in front of the photomultiplier and 0.5ml of medium A containing the same Ca2+ concn. and 1.3,p1 of C7,8. The rate of obelin luminescence was plotted on a chart recorder and the maximum rate constant (kapp)t from the trace measured and converted into *absolute free Ca2+ concns. as described in Figs. 4 Vol. 194 intracellular Ca2+ was inhibited. This is similar to effects of extracellular Ca2+ on secretory cells (Douglas, 1974) . In fact, when the concentration of extracellular Ca2+ was 10mm, the effect of complement was almost abolished (Fig. 6) , a condition which also inhibited haemoglobin release from intact cells (data not shown).
Effect of anti-(pigeon erythrocyte) antibody plus complement on 42K+ efflux and cyclic AMP formation Several cells, including some mammalian erythrocytes, have been shown to contain a Ca2+ activated K+-conducting pathway in the cell membrane (Meech, 1976 (Meech, , 1979 Lew & Brown, 1979) . Pigeon erythrocytes contain an adenylate cyclase that can be activated by adrenaline and inhibited by concentrations of Ca2+ in the range 1-10#M (Campbell & Siddle, 1976; . Since anti-(pigeon erythrocyte) antibody plus complement had been shown to raise the intracellular Ca2+ concentration before significant lysis occurred (Campbell et al., 1979a) , the effects on cyclic AMP formation and 42K+ efflux were investigated, though the latter is known to be difficult to measure accurately because of the relatively rapid exchange of K+ across biological membranes (Lew & Brown, 1979) .
Anti-(pigeon erythrocyte) antibody plus complement caused an inhibition of the adrenaline-stimulated rise in cyclic AMP formation (Table 1) in a similar manner to that shown with intact cells (Campbell et al., 1979a) . ( Fig. 7) showed that a large increase in obelin luminescence could be detected about 30s before significant efflux of 42K+. It appears from the data shown in Fig. 1 (Campbell et al., 1979a) . These experiments suggest that a complex in the cell membrane was formed within 1-2 min as a result of complement action that allows the passage of both ions and molecules of molecular weight at least up to 3000 (inulin). However, the 'ghosts' still appear to be able to maintain both a K+ and Ca2+ gradient for several minutes after the formation of the membrane complex. was measured in the presence of 1 mM-CaCI2 or 2 mM-EGTA. The absence of extracellular Ca2+ inhibited [3Hlinulin release from the pigeon erythrocyte'ghosts' (Fig. 8) .
Effect of anti-cell antibody plus complement on membranesfrom other cells
The rapid increase in intracellular free Ca2+ caused by complement action was observable in several membrane vesicle preparations , 1981 . However, no effect of C5b-9 could be demonstrated on obelin entrapped within liposomes that were prepared from purified phospholipids containing no antigens and that were highly impermeable to Ca2+ .
Conclusions
The present paper reports an increase in the luminescence of the Ca2+-activated photoprotein obelin, entrapped within sealed erythrocyte 'ghosts', as a result of complement activation. The increase in obelin luminescence could not be explained by cell lysis ( Fig. 8 ; Campbell et al., 1979a,b,c) . Obelin luminescence was inhibited when EGTA, a Ca2+ chelator, was present within the 'ghosts' and abolished when EGTA was added extracellularly. furthermore quantification (Figs. 4 and 5) showed that over the first 1-2 min the concentration of intracellular free Ca2+ remained at only a few gm, even when the concentration outside the 'ghosts' was 1 mM. It was therefore concluded that the earliest detectable intracellular event caused by activation of complement at the cell surface was an increase in intracellular free Ca2+.
The time course of the increase in intracellular Ca2+ suggested that significant numbers of complement complexes occurred within 10-20s and that the influx of Ca2+ required the complete terminal complex, including C9 (Fig. 3) . These membrane complexes appeared to show some selectivity for Ca2+ over K+ (Fig. 7) , though like the data of inhibition of cyclic AMP (Table 1) it was not possible to definitively show that any part of the increased K+ flux was Ca2+ activated.
A role for extracellular Ca2+ in the formation of the C 1-antibody complex has been known for some time (Gigli et al., 1976; Porter & Reid, 1978) . Our results (Fig. 8) suggest that an increase in intracellular Ca2+ may also be necessary for maximal rate of cell lysis. This possibility may have been ignored in the past since many of the early experiments used EDTA to remove Ca2+ (Frank et al., 1964 (Frank et al., , 1965 Boyle et al., 1976a,b) . However, EDTA binds both Ca2+ and Mg2+. When EGTA was used to investigate the requirement for extracellular Ca2+ in activation of the complement pathway, Ca2+ was added back before measuring cell lysis (Fine et al., 1972) . In one study extracellular Ca2+ was shown to be required for lysis but the results were interpreted as showing an additional role for C l (May & Frank, 1973) . It is of interest that it has been reported that there is a cation requirement after C9 binding (Frank et al., 1965; Hadding & Miiller-Eberhard, 1967) .
Increases in intracellular Ca2+ lead to shape changes (White, 1974; Marchesi et al., 1976) and membrane vesiculation (Allan & Michell, 1977) in avian erythrocytes, whereas in lymphocytes (Kaiser & Edelman, 1977; Okamoto & Mayer, 1978) and hepatocytes (Schanne et al., 1979) increases in intracellular Ca2+ may play a major role in the action of certain cytolytic agents. Complement activation causes membrane vesiculation in rat adipocytes (Richardson & Luzio, 1980) and it would be interesting to know whether this is also dependent on Ca2+.
Non-lytic effects of complement have been demonstrated in cartilage (Fell et al., 1966 ) and on prostaglandin synthesis and bone resorption (Raisz et al., 1974) . The early rise in intracellular Ca2+ caused by complement is a good candidate as the mediator of these effects.
